Spaceborne microwave radiometers with high frequency channels (150 -183 GHz) are important for retrieving many geophysical parameters such as snowfall, ice water path, and atmospheric water vapor profiles. In order to obtain accurate retrievals from the brightness temperature measurements, the radiometers must be properly calibrated. Several methods have been developed to analyze the on-orbit calibration, including comparisons with radiative transfer models, comparisons with radiosonde profiles, and cross-calibration with similar radiometers. This paper introduces a new method to calibrate high frequency channels that utilizes TB histograms. This new method gives an independent approach that can be used by itself to analyze radiometer calibration or in conjunction with other methods to corroborate results.
INTRODUCTION
Assessing the on-orbit calibration of spaceborne microwave radiometers is necessary for detecting various issues that have an impact on the observed brightness temperatures (TBs), such as calibration drifts, antenna anomalies, or thermal variations. This is also an important component in the process to inter-calibrate radiometer observations, as the individual instruments need to first be evaluated for consistency before they are incorporated into an intercalibrated dataset. In recent years, the demand to create high-quality, inter-calibrated radiometer observation datasets has grown, as evidenced by projects such as the Global Precipitation Measurement mission (GPM, [1] ), the Global Space-based Inter-Calibration System (GSICS, [2] ), and other efforts to produce climate data records (e.g. [3, 4] ). This paper will describe a new algorithm that can be used for analyzing the calibration of a microwave radiometer with high frequency channels (150-183 GHz), which can then aid in producing high-quality intercalibrated radiometer datasets.
Current popular methods for analyzing high frequency calibration include cross-calibration with similar sensors and comparisons with radiative transfer models (RTMs) using atmospheric profile inputs from radiosondes or GPS radio occultation [5] [6] . These methods have been used with great success for identifying calibration issues and intercalibrating sensors. However, a major drawback of the cross-calibration method is that it relies on finding points where two radiometers observe the same area, within allowable temporal and spatial limits. These cross-over points only occur at high latitudes for comparisons of two sun-synchronous orbiters. RTM comparisons using radiosonde profiles also limit the available observations to only those locations where the radiosondes are launched.
The new calibration method described here utilizes over-ocean TB histograms to derive a stable calibration point for radiometers with channels from 150 to 183 GHz. An advantage of this method is that it does not require finding cross-over points with other sensors or observing specific locations. This method provides an independent analysis of radiometer calibration, which is useful to corroborate results from other methods as well as to detect calibration issues that may otherwise not have been identified. This paper will first describe the new method and then apply it to microwave sounder measurements to show its usefulness in detecting calibration issues.
CALIBRATION ALGORITHM
The new calibration algorithm described here utilizes TB histograms, specifically the shape of the TB histograms, to derive a stable calibration point. This method is very similar to the vicarious cold calibration (VCC) algorithm, which has been used with great success for identifying calibration issues and deriving inter-calibration offsets for radiometers with frequencies up to 90 GHz [7] . VCC finds a cold reference point for these channels over the ocean using the cold end of the TB histograms, which is associated with TBs from the ocean surface. The high frequencies between 150 and 183 GHz will only see the surface in extremely dry conditions and the channels closest to the 183.31 GHz water vapor line will not see the surface at all. Therefore, the VCC theory breaks down at these channels and a different calibration method needs to be used. Figure 1 shows TB histograms for one month (Jan. 2015) of observations from the GPM Microwave Imager (GMI). The bottom panel zooms in on the lower part of the histograms to see details at the histogram edges. The black curves show the nine GMI channels from 10 to 89 GHz and the blue curves show the four GMI channels from 166 to 183 GHz. The major differences in the shape of the histograms can be seen in the bottom panel. The lower frequencies generally have a very distinct edge at the cold end of the histogram while they have a long tail at the warm end associated with TBs from raining scenes. On the other hand, the higher frequencies have a tail at the cold end of the histogram due to scattering and instead have a distinct edge of the histogram at the warm end. At these frequencies, any precipitation results in scattering, causing the TBs to decrease. Therefore the TBs at the warm end of the histogram for the higher frequencies are the result of absorption only. Figure 2 shows modeled top of atmosphere TBs as a function of integrated water vapor for a range of frequencies from 89 to 182 GHz (53° incidence angle, vertical polarization) for an absorption-only atmosphere over the ocean. Unlike 89 GHz and lower frequencies, the frequencies from 150 to 183 GHz experience a maximum in TB. Over the cold ocean surface, the addition of water vapor causes an increase in TB until the water vapor masks the surface emission and the weighting function peaks higher in the atmosphere. This causes the TB to decrease since the temperature profile decreases with height. The lower frequencies do not experience this maximum peak in TB since they are not as sensitive to water vapor absorption. The sharp edge on the warm end of the TB histograms for 166-183 GHz in Fig. 1 is attributed to the behavior shown in Fig. 2 . Further analysis in the future will be done to confirm this hypothesis.
A stable calibration point is derived using the warm end of the 166-183 GHz histograms in a very similar procedure as is done for VCC [7] . Simulated TB histograms using a radiative transfer model are also generated, and the single difference (SD) is calculated as the difference between the observed and simulated calibration reference points. The simulations are important as they account for geophysical variations so that the SD only includes calibration issues. However, this can be a source of error if the simulations are not representative of reality. This is noticed in the results in the next section and will be investigated in the future for algorithm improvement. 
APPLICATION TO MICROWAVE SOUNDERS
The Advanced Microwave Sounding Unit (AMSU-B) and the Microwave Humidity Sounder (MHS) have channels in the 150 to 183 GHz range and are used as examples for analyzing the new calibration algorithm. AMSU-B has channels at 150, 183.31±1, 183.31±3, and 183.31±7 GHz. MHS has similar channels but slightly different frequencies of 157 instead of 150 GHz and 190.31 instead of 183.31±7 GHz. The three AMSU-B instruments flew on the NOAA15, NOAA16, and NOAA17 platforms, and the MHS instrument shown here is on the NOAA18 platform (referred to as N15, N16, etc.). These sensors have observations that extend over several years so they are useful for observing trends. In addition, the AMSU-B instruments have significant calibration issues that are well documented [8, 9] , so they provide a good reference for determining the performance of this new algorithm. Figures 3 and 4 show the time series calibration and cross-track scan bias, respectively, for N15-N18 at the four high frequency channels, shown as the single difference anomaly. A flat SD anomaly centered at zero indicates a stable calibration. For the time series, all sensors show a relatively stable calibration for 150 GHz, but N15 and N16 have noticeable calibration drifts for the 183 GHz channels. This is consistent with the analysis of Chung and Soden [8] . N17 and N18 also have the most stable cross-track scan bias, and the Fig. 4 results are consistent with the analysis of John et al. [9] . There is still some curvature to the crosstrack scan bias for N17 and N18 at the 150 and 183±3 channels, which may be due to error in the simulations. This will be investigated further in the future.
SUMMARY
This paper presented a new technique for calibrating microwave radiometers with channels from 150 to 183 GHz. This is a unique method that utilizes TB histograms to derive a stable calibration point. An algorithm similar to the vicarious cold calibration for frequencies up to 90 GHz is applied at the warm end of the TB histograms for 150 to 183 GHz, since this part of the histogram was found to be stable. This new technique was then applied to data from the AMSU-B and MHS sensors. The results are very similar to previous analysis done on AMSU-B and MHS, showing that this new algorithm can be used as a valid calibration technique for these sensors. Future work will focus on applying the algorithm to other high frequency microwave radiometers and assessing its accuracy and performance.
